We report on recent progress towards the application of both mixed cadmium halides and sulphide-based glasses as host materials for a Pr-doped 1 .3 micron optical fibre amplifier. Both of these materials offer the potential for higher gains than can be currently achieved in a Pr3-doped ZBLAN fibre. Fundamental glass properties, including optical and thermal characteristics are compared. Losses of these glasses in fibre form have been estimated and spectroscopic measurements are summarized. From these studies we show that quantum efficiencies over a order of magnitude higher than those demonstrated with Pr -doped ZBLAN amplifiers are in principle obtainable. Measured efficiencies of 11% and 52% for the Cd halide and Ga sulphide, respectively, are achieved, while 25% and 80% are predicted. Numerical modelling allows comparison of the expected amplifier performance, including the effects of excited state absorption, ground state absorption and amplified spontaneous emission. Thermal analysis has identified the challenges which remain for the drawing of single mode fibers and the results of preliminary fibre drawing trials are described. The relative merits of each of the various glasses are considered and the challenges before a practical amplifier is achieved are outlined.
INTRODUCTION
The search for a practical optical amplifier for the second telecommunications window led to Pr3 doped ZBLAN fibres, which currently provide conversion efficiencies of about 4%13• These glasses suffer low gains due to the high rate of non-radiative decay from the metastable 1G4 state to the underlying 3F4 level, which dominates over the radiative emission of 1.3 microns to the 3H5 level. Higher gain coefficients can be obtained by increasing the radiative lifetime of the 1G4 level and also through a larger emission cross section for the 'G4 to 3H5 transition, conditions met by many low phonon energy glasses46. ong such glasses, cadmium halides7'8 and suiphides based on gallium and lanthanum6'9 have emerged as leading candidates for a more practical device. In both cases however, low-loss fibres have yet to be realized.
In this paper, we update the progress made in understanding the fundamentals of these two glasses, model the predicted amplifier performance and describe recent trials on fibre drawing. Basic glass properties including optical and thermal characteristics are presented, along with spectroscopic measurements which form the basis for amplifier modelling. Numerical modelling allows comparison of the expected amplifier performance of the Pr3-doped glasses with that of fluorozirconate fibre amplifiers. The model includes the effects of excited state absorption (ESA), ground state absorption (GSA) and amplified spontaneous emission (ASE), all at the signal wavelength. Optical fibre preforms have been realized in both candidates and preliminary fibre drawing trials undertaken. These results indicate the challenges remaining before a practical device can be achieved.
GLASS FUNDAMENTALS

Glass Fabrication
The halide and suiphide glasses differ significantly in most respects, including their method of fabrication, basic glass properties, spectroscopy and preform preparation. Their one important link however, when doped with praseodymium, is the potential for efficient amplification at 1 .3 microns. Glass preparation in both materials follows established techniques developed over a decade ago for similar glasses10"1. For the cadmium halide glasses, bulk samples were fabricated by melting in a platinum crucible within an atmosphere-controlled glove box'2. For the sulphide glasses, starting materials were sealed within a vitreous carbon crucible in an evacuated silica ampoule and melted in an electric furnace13.
For evaluation of bulk glass properties, samples of thickness 5 mm were routinely fabricated with dimension of up to 30 mm in diameter and 100 mm in length for preform fabrication. For the sulphide glasses, sample size, though not necessarily restricted, was governed by the requirement of a silica envelope completely enclosing the crucible. In addition, the requirement of ampoule evacuation and sealing lengthened the fabrication time and makes purification of the raw materials (pre-processing) and glass purification (post-processing) relatively difficult compared to the halide glasses. A consequence of these differences is the need for radically different preform fabrication procedures, as will be discussed in section 5.
Impurities are a major concern for any optical glass and a particular problem when working with new glass compositions. Indeed, many of the disadvantages of the fluoride glasses, for example, poor mechanical strength and crystal nucleation, stem not from the inherent properties of the glass, but from the role impurities play14. Oxides introduced during the fabrication procedure were found to be most devastating to 'G4 measured lifetime. For both suiphide and halide glass there was a clear relationship between lifetime and OW content, as measured by the amplitude of the oxide absorption at 3 .0 microns. Starting materials were typically 99.9 % purity, which may be adequate for glass formation and an initial evaluation, but are not sufficient for the low-losses (<0. 1 dB/m) required for a practical device. Table  1 summarizes the transition metal impurities found in a typical GaS3:LaS3 glass, as measured by glow discharge mass spectroscopy (GDMA). We note the presence of copper in particular. In a fluoride glass, the Cu ion has a broad absorption of 0.5 dB/mlppm which is centred at about 1 .0 tm. Such an impurity is of critical concern for 1. mechanical analysis (TMA). Figure 1 provides the raw data for the thermal analysis results for a typical cadmium halide glass.
For the most part, differences between the basic properties of the two glasses are large. The weak ionic bonds of the halide glass are revealed in the low glass melting temperature relative to the high melting temperature and strong covalent bonds of the sulphide glass. One similarity lies in the temperature difference between Tg and the onset of crystallization T. These characteristic temperatures define the crystal nucleation rate, which decreases with the increasing value of the gap. This is critically important in determining the number of crystals which will subsequently grow. We note also that impurities play a role in the thermal properties of the glass. For an oxide contaminated Cd halide sample, the Tg T gap was reduced from 1 09°C to 98°C, thereby increasing the propensity for crystal formation. GaS3:LaS3
Spectroscopic Evaluation
Fundamental understanding ofthe radiative and non-radiative properties ofthe halide and suiphide glasses is obtained through a series of spectroscopic measurements. Raman spectroscopy on undoped samples and phonon-side band measurements on Eu3-doped glasses lead to an understanding of multiphonon processes and non-radiative decay rates. Absorption spectroscopy of samples heavily doped with Pr3 reveals the position and the integrated absorption cross-section for each energy levels of the ion in the two hosts. Subsequent application of Judd-Ofelt theory predicts the associated radiative rates, branching ratios and emission cross-sections. Transmission from the ultraviolet edge to the infrared cutoff follows from absorption and FTIR measurements. Emission spectroscopy completes the analysis, providing fluorescence spectra and lifetimes. Details of these procedures are presented in a companion paper and are summarized in Table 3 .
Comparing the maximum phonon energy with the JR cut-off, we note that a lower energy maximum vibration should be associated with transmission further into the infrared, as is observed for the Cd halide. These glasses are also transparent in the visible, whereas the Ga sulphide has a characteristic amber color, as it absorbs through the blue and green end of the visible spectrum. Most outstanding is the difference in the radiative rates, a consequence of the high refractive index of the sulphide, through which the local field correction radically alters the radiative properties of the Pr3 dopant. In the Cd halide, it is the low maximum phonon energy which provides an efficiency higher than fluorozironate glasses. However, with the sulphide glass, more dramatic improvements in the efficiency are expected through lower radiative lifetimes which increase the probability of radiative over non-radiative decay. Figure 2 plots the 1G4 absorption band for Pr3 in the two hosts. In performing this measurement, heavily doped samples of each glass were utilized. For the Ga sulphide glass, concentrations of greater that 2.0 wt % were easily achieved, as the rare earth substitutes directly for the LaS3 in the glass matrix. 0.3 wt% could be realized before sample devitrification. As a consequence, noise levels for measurements on the halide glass were higher as is apparent in the figure. In any case, two important features are revealed, the significantly broader absorption band and higher absorption per ion. Both of these have implications in the final design of a 1 .3 micron amplifier, in particular the length of the device and the pump wavelength.
Absorption and quenching by OW impurities remain a difficulty in all low-phonon-energy glasses, in particular the halides for which the starting materials and the final glass have a hygroscopic nature. Measurements of the position of the principle OH absorptions reveal that they are shifted by 30-60 nm towards the red in the sulphide glass. This shift however, due to the covalency of the bonding is parallel by a shift in the 1 .3 micron emission.
Amplifier Modelling
Concentration Quenching
As has been observed experimentally for Pr3-doped ZBLAN3, the lifetime of the 'G4 level is considerably reduced due to concentration quenching. This non-radiative decay mechanism has been quantified in our mixed halides8 and sulphide glass by lifetime measurements on a series of samples with varying Pr3 concentrations. Effects become apparent for concentrations greater than 1000pp, which corresponds to ion concentrations of N = 12.9 x 1018 ions/cm3 or ion spacings of 42 nm. From our measurements on fluorozirconate, cadmium halide and sulphide glasses, this threshold of 1000 ppm appears independent of host. As a result, doping levels for a practical device appear restricted to the order of 500 ppmlwt which places a lower limit on amplifier length. Wavelength (nm)
Quantum Efficiency
The measured and calculated lifetimes for the 1G4 level allow prediction ofthe quantum efficiency of an amplifier, defined by the number of photons emitted at 1 .3 tm over the number of pump photons absorbed. The calculated quantum efficiency assumes only radiative and multiphonon non-radiative processes occur and thus places an upper limit on the efficiency for small signal gain. From the ratio of the calculated total and radiative decay rates, given in Table 2 , we calculate the quantum efficiency for the cadmium halide and gallium sulphide glass given below. From the ratio of the measured decay rate and radiative rates, the measured quantum efficiency is determined. Differences may be due to additional non-radiative processes such as impurity quenching or ESA. However we also note that the Judd-Ofelt theory used in determining the radiative rates and the phenomenological parameters used to calculate the non-radiative rates are only accurate to about 20%. 
Ground State Absorption
Inherent to the energy levels of the praseodymium ion is the dominating 3F4 ground state absorption, whose tail extends into the 1 .3 micron region. In figure 3 we plot the absorption for the two glasses of interest. We note that despite similar oscillator strengths for the ground state 3F4 absorption, the shift in the Ga suiphide absorption peak positions increases the level of GSA to about five times the value of the Cd halide. At the peak emission wavelength, GSA for the halide and sulphide glasses, when doped with 500 ppm of Pr3, are 0.5 and 2 dB respectively.
Excited State Absorption
A numerical model has been developed which describes the principle performance features of a 1 .3 tm optical fibre amplifier, including the effects of ground state absorption (GSA), excited state absorption (ESA) and amplified spontaneous emission (ASE). The rate equations for the relevant Pr3 energy levels are solved alongside the equations describing the propagation of the pump, signal and ASE (both forward and backward propagating) using routines developed for the erbium doped fibre amplifier.
The effects of ESA are computed from the difference between the 'G4-3H5 and 1G4-'D2 cross sections which have been summarized in table 5. The radiative cross sections follow from the measured emission spectrum and are scaled using the radiative rates obtained by Judd-Ofelt theory. The ESA cross section is determined from the measured 1G4-'D2 which is scaled using the measured 1D2 lifetime and the branching ratio obtained from Judd-Ofelt theory. This is then transformed to an absorption using the McCumber relation. The shape of this curve, shown in figure 4 , dictates the final gain performance of the host glass. For both materials, the peak of the net emission is shifted by ESA to a slightly lower wavelength than the fluorescence peak. A significant difference between the two hosts is the radically larger ESA cross-section for the sulphide glass. This ESA however peaks at a longer wavelength than in the halide glass and its effects may be lower at the emission wavelength. Optical fibre preforms have been prepared in the Cd halide glasses by the spin-casting method14. Typical preform dimensions are 1 0 mm in diameter and 12 cm in length. A core-cladding structure was obtained by varying the glass modifier components to raise the refractive index of the core. Inner core diameter of the preform was approximately 5-7 mm which would yield multimode fibres. An immediate prerequisite of the drawing of these fibres is the precise temperature control that is required, as is apparent from the thermal analysis presented earlier. Without care, preform devitrification rapidly occurred. We have recently succeeded in drawing uncrystallized multimode fibres of diameters 100 -300 microns and lengths of several metres. The hygroscopic nature of the Cd halide glass becomes apparent to an extreme when the glass is in fibre form. Left uncoated in the ambient atmosphere, the fibres would deteriorate and become unhandleable within minutes of drawing. Characterization of these fibres is now underway.
Ga Sulphides
When in glass form, these sulphide glasses are far superior in terms of their environmental stability over the Cd halides. However, during the melt process, the glass must be enclosed in a sealed, evacuated ampoule to prevent sulphur evolution and oxidation of the components. As a consequence, conventional casting methods for preform fabrication cannot be used. We have achieved preforms of dimensions 10 mm in diameter and 3-4 cm in length by the rod-in-tube method. Fibre drawing trials have resulted in multimode fibres, a cross-section of which is shown in figure 5 . Fluorescence through excitation of the 'D2 and 3P0 has been observed, however losses of the fibres remain high. A full characterization is being undertaken. 
SUMMARY
The two leading contenders for a practical 1 .3 tm optical fibre amplifier have been compared. The Cd halide and Ga sulphide glass hosts differ significantly in most respects, though both offer the potential for quantum efficiencies and gain which exceed that of Pr3-doped ZBLAN.
